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Abstract—We demonstrate the use of a new ex-

perimental technique based on mutual inductance
measurements to quantitatively predict nonlinear
effects in microwave devices fabricatedfrom high

temperature superconductor (HTS) materials. The
mutual inductance measurements yield the current
dependence ofthe penetration depth A(J) in unpat-
terned HTS thin films. This information is used to
calculate third-harmonic generation in coplanar
waveguide (CPW) transmission lines and compares
very well with actual measurements of CPW trans-
mission lines of variable dimensions fabricated
from YBa,Cu,0,, thin film samples. The mutual in-
ductance measurements should prove extremely
valuable as a screening technique for microwave
applications of HTS materials that require very low
nonlinear response.

|l. INTRODUCTION

Microwave circuits fabricatedfrom high temperature su-
perconductofHTS) materials oftersuffer from detrimental
nonlinear effects, such as intermodulation distor{itj;[2]
and harmonic generation [3]. Theractical result of this
nonlinear response is theeation of unpredictablenterfer-
encesignals within thefrequency band ointerest for many
microwave applications. These nonlineaeffects can seri-

devicefabrication process, frorfilm growth throughdevice
patterning and nonlinear evaluation. Wéave used this
model nonlinear system weterminethe relativeimportance
of different processing variables, such as fildeposition
conditions [4], patterning methodand devicegeometry [5],
in minimizing nonlinear response. As a result of owes-
tigation, wehave identified dow frequencymutual induc-
tance measurement for use as a screening technigaesior
ating the nonlinear response of HTS materials priatetace
fabrication [6]. Wedemonstratehow these mutuainduc-
tance measurements can Used to predicthe nonlinear re-
sponse opatterned devices ofariable geometries at micro-
wave frequencies.

Il. MUTUAL INDUCTANCE MEASUREMENTS

We grow superconducting YBCQhin films by pulsed-
laser deposition on LaAlD substrates up to
15 mm x 15 mm. Before patterning the thin fisamples
into coplanar waveguide devices, we perfornmamber of
characterization measurements lielp determinethe film
quality. Sapphire dielectric resonator measurements yield the
surfaceresistance, which at6 K is typically in the range
250 to300uQ whenscaled to 10GHz. We also use mu-
tual inductancemeasurements to determitlee transition
temperaturdtypically 90-91 K) andthe criticalcurrentden-

ously compromise the utility of microwave devices fabricatesity (typically 3-3.5 x 10 A/cm? at 76 K).

from HTS materials. What is urgentheeded is amexperi-
mentaltechniquethat can be used to predithe nonlinear
response oHTS microwavedevices based othe starting
material, prior to device fabrication.

In order tostudy the nonlinear response @S devices,
we havedeveloped anodel nonlineasystem, consisting of
coplanar waveguidg CPW) transmission linesfabricated
from YBa,Cu,0, 5 (YBCO) thin films grown bypulsed-laser

In addition to these characterizationmeasurements, we
exploit a newtechnique based omutual inductance meas-
urements to determine the dc currdapendence ahe pene-
tration depth\(J) [6]. Such measuremerdge motivated by
recent theoreticalvork that shows that aurrent-dependent
penetration depth cdead tononlineareffects in microwave
devices[7]. These calculations assumegaadraticdepend-
ence ofA(J) in order to calculatethe third-order nonlinear

deposition. The nonlinear response of transmission lines @bducts, but until now there has rmgen anydirect experi-
different geometries ideterminedrom measurements of the mental confirmation of this forrfor A(J). Figure 1 shows

generatedthird-harmonic signal as a function ofncident
power. Thismodel nonlineasystem allows us tgerform
detailed characterization measurements after esteqy in the
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the results of the mutual inductance measurememglpfor
a 50 nm YBCOthin film at 76 K. These measurements
show that the dependenceiobn dc current density imdeed
guadratic, aleast up tocurrent densities approaching the
critical current density J(which is determinedrom mutual
inductance measurements  to be approximately



If we plot the measuredoower in the third-harmonic as a
function of incident power on a log-log scal@)  predicts
that the R data will have a slope of 3 with an intercept point
-2IP,. The quantity IRis calledthe third-orderintercept. It
corresponds to thpoint where aline of slope 3 fit through
P, would intercept dine of slope 1 fit through théunda-
mental; see Fig. 2 for an example [9]. Thied-orderinter-
cept at frequencyo for a transmission line of length center

linewidth w, thickness tandcharacteristic impedance, 4s
given by the following expression (in dBm) [5]:
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Fig.1. Current dependence of the penetration depth for a 50 nm YBCO 2.2 .4
film at 77 K, obtained using a 10 kHz mutual inductance technique. r= t°[J7dS (4)
y
. . . Jds
3.4 x 16A/cm? for this sample). We fit thelata in the (J )

low-current region of Fig. 1 to the form ) . )
The third-harmonic response calculafean (2) and (3) is

strictly valid for transmission lines thaave alength ¢ that

AZ(T,J) = ;\Z(T) [+ 0 (1) is smaller than theffective wavelength sthat thelumped-

H BJO(T)H H element approach used in [5],[7] is valid. We heafeulated
the effect of connecting together a series of such srett
andobtain J = 3.1 x 10 A/cn? at 77 K. Similar meas- Ments to create a transmission line of arbitrary length L. As
urements on a thicker filn00 nm) grown by pulsed-laser long as the third-harmonic signal r_emains mgch_ smaller than
depositionunderslightly differentgrowth conditionsyield a the fundamental (P<< P,), the third-harmonicsignal for
similar value of J = 3.5 x 16 Alcn?® at 77 K. These re- the individual elements all add in phasedthe result (3) is
sults are significant because, ithis A(J) response is the Vvalid for any transmission line length [10].
dominant source of nonlinear effects, the theoretical analysis .
of Dahm et al. [7],[8] can based to calculaténe third-order ~ Figure 2 shows an example of thmeasured third-
nonlinear products of wide range of different devices fabri- harmonic signal at 76 K as a functionio€ident power for
catedfrom these materials. These measurematys yield @ CPW transmission lintabricatedfrom a400 nm YBCO
the value of the penetratiattepth forzero applied current thln.ﬂlm.. The CPW transmission line hasenterconduc-
densityA(J=0), which is important for calculating both thetor linewidth of 105um and a length of 6.54 mnandhas a

Fig. 2 are fits of slope 1 and 3 to thendamentalknd third-
Il. TRANSMISSION LINE MODEL harmonic data, respectively. We compare the values for IP

extractedexperimentally using2) with the values for IP

We use these results faiJ) to calculatedthe nonlinear ~calculated from (3) using inductively determined values for J
(current-dependent) inductance per  unit length aqu, along with .the tra_nsm|SS|on line’s dimensions. For
L(I) = Lo + L™-1? present in planar structures, followingthis ~ CPW device, using J = 3.5 x 16 A/cm” and
Dahm [7]. Wehave generalizedthe analysis of Dahm to A =312 nm [ is calculated to b&.03 x 10* m™), we
calculatethe third-harmonic signal generated by ashort Calculate IR =82.7 dBm. This valuecompares extremely
length of HTS transmission line aticrowavefrequencies, Well with the —experimentally determined value of
instead of calculating the intermodulation products ireso- P2 = 82.7 dBm, particularlyconsideringthat (3) useonly
nant structure. Theletails ofthe calculation of thehird- €XPerimentallydeterminedquantities (noadjustableparame-
harmonic signal as a function afcident power (B are ters) to calculate I

presented elsewhere [5]; we quote here just the result for the ) .
third-harmonic signal P The inset of Fig. 2 shows the saturation gfoBserved as

the incident power becomelsigh. At the pointwhere R
10|0910(P3) =-20p +3*10|0910(pmc) _ (2) begins todeviatenoticeably from the “slope 3behavior
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Fig. 2. Measured third-harmonisignal vs. incidentpower for a
105pm wide, 6.54 mm lon@PW transmissiofine. The device was
fabricated from a 400 nm YBC@hin film. The solid line through the
fundamental (P data is &fit to a line of slope 1 and theolid line
through the third-harmonic Pdata is &fit to a line of slope 3. The
inset shows the deviation from slope 3 tloaturs for high incident
powers.

(Pnc = 35 dBm), we estimate thgeak rf current density to
be 3.65 x 16 A/cm? (the average rfcurrent density fothis
power is8.5 x 1G Alcm?). This deviation from “slope 3"
behavior occurs because the shapa(dj is no longequad-
ratic for suchlarge peak current densities (S€ig. 1). In
this case, more termare needed inthe expansion oh(J)

V. THIRD-HARMONIC
GEOMETRIES

RESPONSE FOR DIFFERENT

To confirm that thehird-harmonic responspredicted by
(2) and (3) is generally valid, weleterminethe third-order
interceptpoint 1P, at 76 K for a number ofdifferent trans-
mission line geometries, as shown in Fig. Thesedata are
for 11 different CPW transmission linefabricatedfrom a
single 50 nm YBCO thin film, wittdifferent linewidths and
lengths. As this thin film sample was grownder nomi-
nally identical deposition conditions to the sampld-of. 1,
we expect the inductively measured values of
Jo(77 K) = 3.1 x 10 Alcm?* and A(77 K) = 354 nm to
accurately describe the resulting third-harmonic generation of
all devices on this chip. This frecisely what isobserved
in Fig. 3, which shows as solid lines thmediction of (3),
based solely on the inductivatyeasuredsalues ofA and §
andthe transmission line dimensions hesedataillustrate
the power of the inductive results for predicting the nonlinear
response of microwave devices of arbitrary geometry.

V. CONCLUSIONS

We havedeveloped anew screening technique fpredict-
ing the nonlinearesponse of microwavdevicesfabricated
from HTS materials. Theechnique uses low-frequency
(10 kHz) mutual inductancemeasurements ofinpatterned
superconducting films to determine the curréependence of
the penetratiordepth A(J) [6]. Thesemutual inductance
measurementpredict third-harmonicgeneration in CPW

in (1), and the third-harmonic vs. incident power data will igevices of differengeometriespatternedfrom YBCO thin
general no longer obey the “slope 3" behavior, which resulfifms. This technique provides a valuable method deter-

from a purely quadratic form fau(J).
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Fig. 3. Third-order interceptwys. line lengthfor an HTS transmission

mining the nonlinearesponse oHTS microwave devices
prior to circuit fabrication.
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